The amenability of beneficiating a low rank coal has been studied using a laboratory CPT CoalPro flotation column. After review of the published literature various relationships between bubble size and superficial gas rate, bubble surface area flux and gas hold up and slip velocity and bubble size have been deduced in relation to the coal slurry and compared with relationships reported in the literature. A performance curve for the flotation column tested under the operating conditions revealed that the optimal size range of coal that yields optimal separation occurred in the size range 60200 microns. Empirical relationships a) to estimate the gas hold up in terms of the measurable quantities, such as superficial gas and water flow rates and frother concentration and b) to predict the carrying capacity of particles of various sizes into the concentrate have been developed. Based on grade/recovery plots, the optimal separation that can be achieved for the given coal in a flotation column was found to be 85% combustible recovery with 81% ash rejection at the separation efficiency of 62% along with the corresponding operating conditions. Empirical relationships to predict the recovery of combustibles and ash rejection in terms of operating variables have also been proposed.
Introduction
Column flotation has been effective in cleaning fine coal as it has many advantages over conventional flotation owing to its ability to effectively reduce entrainment of fine gangue minerals, mainly due to prevalence of less turbulence in the pulp and having a deep froth bed and a using wash water to drain back the entrained gangue.
Gas dispersion properties such as gas superficial velocity (J g ), bubble size (d b ), gas holdup (¾ g ) and bubble surface area flux (S b ) in column flotation are important parameters which are related to flotation efficiency. Especially, bubble size which affects the bubble residence time, the bubble surface area flux and the carrying rate has long been recognized as an essential factor in evaluating the performance of columns. Many researchers have measured or estimated the bubble size using the relationships between bubble size, its terminal velocity or slip velocity within an operating column and gas hold up. The most common of these is the hindered settling equation of Masliyah 1) and drift flux theory of Wallis.
2) Dobby et al. 3) and Yianatos et al. 4) have attempted the estimation of bubble size in columns using drift flux analysis and the method of calculating the settling velocity of spherical particles as adopted by Concha 5) and hindered settling equations of Masliyah, 1) respectively. These studies showed that the calculated mean bubble size is in the range 0.51.5 mm under typical superficial gas and liquid rates, and gas holdup measured in gas-water or gas-slurry systems. Finch and Dobby 6) and Xu 7) reevaluated the procedures based on several drift flux approaches, proposed by Masliyah.
1) Banisi and Finch 8) summarized several iterative methods that can be used to calculate the bubble diameter from a knowledge of the gas volume fraction. Ityokumbul et al. 9) modified the relationship between rise velocity and bubble size by incorporating the effects of various frothers. Vandenberghe et al. 10) proposed a procedure for calculating the exponent m encountered in drift flux analysis, in terms of bubble Reynolds number. Matiolo et al. 11) have reported a linear relationship between measured gas hold up (¾ g ) and bubble superficial area flux (S b ).
It has been recognized that the quality of separation in flotation columns is dependent primarily on the bias rate, (J b ), which is the superficial velocity of net downward flow of wash water. The control of liquid or slurry in the feed, concentrate and tailings are also important parameters that determine the performance of coal cleaning operations that involve fine gangue material. Stevenson et al. 12) and Vandenberghe et al. 10) have shown that the conditions prevailing in the froth zone and the bubbly (collection) zone are distinctly different as evidenced by their drift flux curves. In particular, Stevenson et al. 12) demonstrated that the prevalent conditions of an operating column such as the gas hold up and bias rate for a given system with known gas flow rate and wash water flow rate can be evaluated by superimposing an operating line on the drift flux curve of the froth phase. More importantly, it indicates the carrying capacity of material reporting to the concentrate. However, most studies on drift flux analysis have been carried out only in gas-liquid system.
In this work, flotation tests on a gas-slurry system comprising a low rank anthracitic hard coal were carried out in a lab scale CPT column in order to investigate the effects of gas dispersion properties such as gas superficial velocity, bubble size and gas holdup. In addition, the effects of changing the chemical environment due to the presence of reagents such as frothers and collectors that influence the separation efficiency have been quantified using multiple regression. The theoretical details and results of this study are given in section 2 and 4, respectively.
Theoretical Considerations
Of the many variables that affect the separation process in flotation columns, it has been recognized that the most vitally important are those that arise due to aeration. Many researchers have reported that the following variables have a direct impact on separation performance of flotation columns.
(a) the superficial gas, J g , and liquid, J l , velocities which are related to the air flow rate and liquid flow rate, respectively. These are defined as:
(b) the slip velocity, U S , which is the velocity of the gas phase relative to the liquid (or slurry) phase. (c) the gas hold up (¾ g ) which affects the slip velocity is the volume fraction of the slurry occupied by gas. (d) the rise velocity of a single bubble in a stationary fluid, U b , which is dependent on the bubble size. (e) the bubble size d b which is dependent on the chemical environment of the slurry such as the presence of a frother. In order to determine the optimal conditions required is maximize the separation performance, the above variables need to be measured by testwork or estimated using established theories.
In this work, it has been demonstrated how the published relationships may be used to estimate the above quantities, particularly the ones that are difficult to measure.
Slip velocity between bubble and liquid phase
The slip velocity may be calculated as:
Where ¾ g is gas holdup, J g and J l are superficial gas and liquid velocities, respectively. The (+) and (¹) signs refer to countercurrent flow and cocurrent flow respectively. In common usage the velocity of gas is positive upwards and that of the liquid is positive downwards.
A slip velocity expression for bubble sizes in the range, d b 2 mm (Re b 500), in the gas-slurry system was suggested by Yianatos et al., 4) which adapted multi-species hindered settling equation proposed by Masliyah. 1) Masliyah used the Schiller-Neumann formula for drag coefficient of spherical particles and modified it to incorporate a Reynolds number for bubbles rising in a swarm which is equivalent to hindered settling conditions for particles
Where Re bs is Reynolds number of a bubble in a swarm, given by:
Richardson and Zaki 13) proposed that
Thus eq. (4) reduces to:
18® l ð1 À 0:15Re bs 0:687 Þ ð7Þ
They also suggested that m may be calculated as:
Where d c is the diameter of the column, and Re b is Reynolds number of a single bubble rising in slurry and given by: Xu and Finch 7) proposed a simplified approach by adopting the relationship proposed by Shah et al. 15 ) for a gas hold-up less than 30%, in which the bubble slip velocity is related to the gas hold-up and terminal rise velocity of a single bubble, U b , through eq. (11) where m is taken as 2.
Bubble size determination
The bubble size may be estimated by exploiting the fact that the air bubble rise velocity is dependent on its size, the gas holdup and the concentration of bubbles. The single bubble rise velocity is estimated using the method used for estimating the settling velocity of a single particle in a fluid.
16) The rise velocity of a swarm of bubbles may be estimated using the methods proposed by Masliyah 1) and others described above for bubble diameters in the range of 2 mm.
The above calculations require a knowledge of the gas holdup, ¾ g , in order to estimate the bubble size. In this work, using measured gas hold up the bubble size has been estimated using an iteration approach as outlined below.
(a) Assume an arbitrary value for d b .
(b) Estimate the slip velocity based on drift flux theory using eq. (3). (c) Estimate the slip velocity as proposed by Masliyah using eqs. (7), (8) 6) have observed that the bubble size is strongly related to the superficial gas flow rate and it may be estimated by a relationship of the form:
With MIBC as frother, Ityokumbul et al. 9) expressed the relationship between rise velocity and bubble size from based on drift flux relationship of Turner 17) as:
Gas holdup estimation (¾ g )
The gas holdup plays an important role in determining column flotation performance. It is primarily dependent on the superficial air flowrate and bubble size. As small bubbles rise up slowly there is a higher concentration of bubbles in the column due to higher residence time of bubbles. Also, it is affected by other factors such as the presence of surfactants (e.g frother) and sparger type which determine bubble size. Thus, knowledge of the gas holdup is useful in evaluating and controlling the operation of flotation column.
In this work, it is anticipated that a relationship to describe the dependence of the gas holdup (¾ g ) on measurable quantities such as superficial gas flow rate, superficial liquid flow rate and frother concentration could be developed using regression analysis.
Carrying rate
The carrying rate of floatable material into the concentrate of a flotation column is less than that of a conventional machine due mainly to the prevailing less turbulent conditions particularly in the froth zone. Generally columns are used in cleaning operations where the gangue entrainment is reduced by having a larger froth height and wash water. Floatable mineral in a flotation column reports to froth phase by attaching to air bubbles. Finch and Dobby 6) showed that the carrying rate, C r , is directly related to the gas superficial velocity, J g , and bubble loading. The bubble loading (μ bp ) which is the density (kg/m 3 ) of the particlebubble aggregates, may be estimated from the portion of the bubble surface occupied with a monolayer of particles in d 2 p , 18) as follows:
where K 1 is the fraction of bubble surface covered with a monolayer of particles, μ p particle density and d p particle diameter. Equation (14) is equivalent to the mass of solids transported by a unit volume of gas. Thus, carrying rate (C r ) is the mass of solids carried per unit time per unit column cross-sectional area, given by:
Alternatively, Yianatos 19) proposed an expression in terms of the bubble surface area flux, S b , as:
Finch and Dobby 6) showed that the carrying capacity, C a , is related to the carrying rate but since the bubble size is also a function of J g , it would be independent of J g and suggested that:
Performance measures
It is common practice in mineral processing to specify the machine characteristics of a separation device in terms of performance curves. 20) It is generally plotted as the probability of a particle with a given property to report to the concentrate stream. In this context, to denote the performance characteristics of the flotation column, a plot of the fraction of the feed reporting to the concentrate versus particle size may be plotted. It would indicate the conditions under which the performance could be optimized.
In coal preparation, the performance of a separation device is generally determined by evaluating the combustible recovery (R c ) and ash rejection (ª a ) in the concentrate product. These are calculated using the following formula based on the well-known two product formula in mineral processing.
21)
R c ¼ ðf À tÞð100 À cÞ ðc À tÞð100 À fÞ ð18Þ
Where, R c is the combustible recovery and ª a is the ash rejection. Also, f, c and t are the ash contents of the feed, the clean coal and tailings, respectively. The overall separation efficiency (S e ) of the process is defined as the recovery of valuables minus the recovery of gangue 21) which for coal separation is given as:
In this work, the above performance measures have been used to quantify the effects of variables discussed above.
Experimental

Materials
Coal sample (anthracite) used in this study was obtained from Hwa-Sun Coal Mine in South Korea. It is a low rank coal which was rejected as waste from the main processing plant. On analysis it was revealed that the ash in this coal could be liberated at about 150 micron size. Thus it was decided to grind the raw coal to this size to be used as feed material for the testwork in a laboratory CPT CoalPro column flotation system.
Characteristics of test coal
The contents of ash, volatile and fixed carbon content determined by proximate analysis of the raw coal sample were 37.56%, 6.31% and 56.12%, respectively. The results of wet screen analysis of the raw sample used in the tests are given in Table 1 . Mean size (d 50 ) was 66 µm and the amount of minus 37 µm particles was about 26% by mass. As evidenced by the fact that the distribution of fixed carbon and mass at all sizes are nearly identical, it may be concluded that the coal is uniformly distributed within the particles, and is liberated only at very small sizes, ie below about 20 microns. Thus, the separation of coal from ash gangue requires processing at fine sizes.
Equipment and procedures
Schematic diagram of the flotation column and the superficial flowrates of each stream are shown in Fig. 1 in which F, C and T refer to the feed, concentrate and tailings streams, and subscripts w, s and g refer to flowrates of water, solids and gaseous components. J is the superficial velocity (ie volumetric flowrate/area of cross-section of the column).
Features of the laboratory CPT CoalPro column flotation system used are: (1) height and diameter of column; 1500 mm and 55 mm, (2) Sparger; porous HDPE or optional cavitation tube (3) automatic control for level, sparger air and wash water. The column upper section consists of wash water distributor, froth collection launder and feeder while the lower section houses the sparger (bubble generator) and tailings outlet. The feed slurry inlet is at a point of 1/3 of column height from the top. The wash water was fed at the top of the column while the tailings were collected at the bottom of the column. The concentrate and tailings products were collected and dried in the dryer of 105°C for 24 h.
The reagents tested were: collectors (kerosene and a patented collector developed for coal, DMU-101), frothers (MIBC) and depressants (Sodium metaphosphate (SMP)). The conditions of variables tested in flotation column are as follows: superficial gas velocity of 0.71.6 cm/s, superficial wash water velocity of 0.10.4 cm/s, feed solids concentration of 110% by mass, DMU-101 of 0.20.6 kg/t, SMP of 1.54.5 kg/t.
Prior to conducting flotation tests using coal, gas hold up measurements were carried out under various air and wash water flowrates and frother combinations using the method described in Finch and Dobby, 6) by measuring the difference in interface level as a result of stopping the air supply. The contents of ash, fixed carbon, volatile materials and moisture were measured using proximate analyzer (TGA601, LECO Ltd., USA). A field emission-scanning electron microscope (FE-SEM, S-4800, Hitachi, Japan) equipped with an energy dispersive X-ray spectrometer (EDS, Link Isis 3.0, Oxford Instrument plc, U.K) was used for this analysis of coal samples. A platinum coating was applied to each coal product sample using a Pt electron E-1030 sputter according to the standard procedure which yielded a platinum layer of 67 microns.
Results and Discussion
In order to evaluate the performance of the CPT flotation column in processing a low grade coal, testwork was carried out as outlined in section 3.
Bubble size estimation
Based on the measured superficial gas flow rate (J g ) and gas hold up (¾ g ), the bubble diameter was estimated by iteration as described above which satisfied both eqs. (3) and (7) . The calculated bubble diameters are plotted against the superficial gas flow rate under a range of operating conditions and are shown in Fig. 2 .
The resulting relationship
compares well with that given by Dobby and Finch, 22) d b = 0.85J g 0.22 under similar operating condition. Once the bubble size is known, the bubble surface area flux, S b , which affect the probability of collision and attachment between bubbles and particles and defined as the surface area of rising bubbles per unit cross-sectional area of column per unit time, maybe calculated:
where, n b is the number of bubbles per gas volumetric flow per time. Bubble surface area cannot be directly measured but can be calculated from eq. (22) . As gas hold up is also a function of J g and d b , the bubble surface area flux has been plotted against the measured gas hold up and is shown in Fig. 3 . The resulting relationship may be given as:
It compares well with that given by Finch and et al.,
23)
S b = 5.5¾ g . The corresponding slip velocities evaluated by the iteration procedure discussed in section 2.2 has been plotted against the bubble size and is shown in Fig. 4 .
The resulting relationship may be given as:
It follows the trend proposed by Ityokumbul et al., 9) eq. (13), U s = 262d b 1.13 albeit with a larger constant. It implies a higher slip velocity for the same bubble size. This may be attributed to operating conditions such as the nature of the coal slurry and higher frother concentrations used.
Gas hold up estimation
It has been shown that the gas hold up, ¾ g , is dependent on superficial gas flow rate, superficial liquid flow rate and bubble diameter which is dependent on the chemical environment of the pulp such as the presence of a frother. Thus, the measured ¾ g has been regressed against the above a measurable variables (R sq = 97.2%) and the relationship may be given as:
Where J g and J l are the superficial gas and liquid rates measured in cm/s and F is the frother concentration in ppm. The superficial liquid rate is the net rate that prevails in collection zone of the column, ie. the rate that is associated with the downward tailings stream. Such a relationship would be beneficial to the plant operators as the predictor variables are measurable quantities. The ¾ g values calculated using eq. (25) versus measured values are shown in Fig. 5. 
Performance curve
From the size distributions and the mass flow rate of the concentrate and feed measured, a performance curve for Gas holdup (obs.),
Gas holdup (calc.), ε g (%) the column has been constructed and shown in Fig. 6 . As expected the flotation performance is highest in the region of 53 to 113 in micron and decreases at the finer and larger sizes. This trend has been well established in conventional flotation, albeit at coarser sizes.
Carrying rate
The carrying rate of solid particles to the concentrate stream has been shown to be proportional to bubble loading according to eq. (16) . However the fraction of bubble surface covered by monolayer of particles given by, K 1 , is affected by the downward liquid flux in the froth as a result of wash water addition.
Thus, the measured mass of material reporting to concentrate has been plotted against Q in order to evaluate K 1 . As shown in Fig. 7 , the decrease of K 1 with increasing wash water is consistent with the known fact that there is dislodgement of attached particles at higher wash water flowrates.
The relationship of carrying rate constant K 1 and Q (in eq. (16)) is shown in Fig. 8 .
The resulting relationship is given as:
Thus, substituting this relationship in eq. (16), the carrying rate may be calculated as:
The calculated versus observed values are compared in Fig. 9 which confirms the suitability of eq. (27) in predicting the carrying capacity. The data covers a wide range of particle sizes. The deviation of the exponent of Q from unity may be due to presence of gangue of entrainment of smaller particles, and the influence of wash water on Q, which needs further investigation.
Grade/recovery plot
While grade/recovery or recovery plots are generally used in evaluating the performance of mineral separation processes, in coal preparation it is customary to plot combustible recovery versus ash-rejection. Figure 10 shows such a curve for the coal separation achieved in this work using the CPT column. As described in section 2.5, separation efficiency contours are also plotted in Fig. 10 . It can be seen that the separation achieved by the CPT column in cleaning the given coal is close to optimal with separation efficiencies around 6570%. The CPT column is capable of producing a clean coal concentrate of 85% combustible recovery with about 81% ash rejection at a separation efficiency of 66%. Also, regression analysis of the data for the prediction of combustible recovery (R c ) and ash rejection (ª a ) using Minitab statistical analysis software gave the following relationships and the corresponding t-values for the independent variables.
For The R-squared values for the relationships are for R c and ª a are 80 and 83% respectively, indicating their satisfactory level of accuracy. The corresponding t-values and their pvalues reveal that the combustible recovery is significantly dependent on all variables tested. i.e., air rate, frother concentration, depressant concentration, collector dosage, wash water rate and feed solids concentration. The Ash rejection, however, is significantly affected only by air rate, wash water rate and collector dosage. The fact that ash rejection is not affected by depressant implies that the ash reports to the concentrate not by flotation but as a result of gangue entrainment. The effects of feed solids concentration and frother dosage do not affect ash rejection.
Scanning electron microscopy images of the feed, concentrate and tailings products is shown in Fig. 11 . It reveals that the concentrate predominantly contained coal with very little silicates in comparison to feed and tailings product. The SEM images of the feed shows that coal and Si are distributed uniformly throughout the feed particles. This fact was confirmed in Table 1 in which the distribution of coal and mass were nearly identical in coarser particles. However, the SEM image of concentrate sample shows that the presence of Si in the concentrate is minimal implying that most of the ash has reported to the tailings stream.
Conclusions
From the current study using a CPT CoalPro laboratory flotation column, it can be concluded that column flotation may be employed to process the low rank coal tested and achieve combustible recoveries in the range of 85% was achievable at ash rejections of 81%. The operating conditions required to achieve this separation has been identified. The performance curve revealed that the optimal size range that yields the best separation was in the range of 60200 microns which is somewhat finer than that of conventional flotation.
Empirical relationships to predict the gas hold-up, and carrying capacity have also been developed which can be used in process control at plant scale operations.
Various published relationships that determine key operating variables in flotation columns were tested and found to be applicable in relation to the coal slurry tested albeit with different empirical constants. These can be given by:
• Bubble size d b = 0.819J g 0.229
• Slip velocities U s = 477.8d b
1.238
• Bubble surface area flux S b = 4.94¾ g • Gas hold up ¾ g = ¹0.178 + 0.16J g + 0.0945J l + 0.811F • Carrying rate C r = 0.0052Q 0.59
